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ABSTRACT. The azo ligand obtained from the diazotization reaction of 2-aminobenzothiazole and 4-
nitroaniline yielded a novel series of complexes with Co(II), Ni(IT), Cu(II), and Zn(II) ions. The complexes were
investigated using spectral techniques such as UV-Vis, FT-IR, 'H and *C NMR spectroscopic analyses, LC-MS
and atomic absorption spectrometry, electrical conductivity, and magnetic susceptibility. The molar ratio of the
synthesized compounds was determined using the ligand exchange ratio, which revealed the metal-ligand ratios in
the isolated complexes were 1:2. The synthesized complexes were tested for antimicrobial activity against S. aureus,
E. coli, C. albicans, and C. tropicalis bacterial species. Additionally, their binding affinities were predicted using
molecular docking analysis, and their pharmacokinetic and drug-likeness properties were evaluated.
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INTRODUCTION

Organic molecules with electron donor/acceptor groups containing m-conjugated systems have
attracted a lot of interest over the years owing to their unique molecular structure and potential
applications [1-6]. Among such compounds, the azo compounds having the C-N=N-C
functionality are widely employed as photoactive materials in optics and solar cells, as well as in
pharmaceutical and biological research as biochemical sensors, catalysts, and enzyme inhibitors
[7-12]. Azo compounds have also been used in coordination chemistry as they display strong
chelating ability. The resulting azo ligand-based metal complexes have exceptional thermal
stability and have found useful applications in photoelectronics, as dyes in the textile industry,
and as scaffolds for the design of new anti-inflammatory, anticancer, and antimicrobial agents
[13-17]. In fact, with the rise in antimicrobial drug resistance worldwide, transition metal
complexes have gained a lot of attention due to their effectiveness against a range of pathogens
[18-21].
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Over the years, nitrogen-containing heterocycle compounds have been shown to play critical
roles in a wide variety of biological functions; as a result, they have risen to prominence as one
of the most important families of naturally occurring compounds, with various applications
including those in the fields of dyes, high-performance materials, and pharmaceuticals [22].
Among such type of compounds, benzothiazole and its derivatives have been the focus of
extensive study for their potential use in a wide range of pharmaceutical drugs, natural products,
and synthetic intermediates [23-24]. These compounds not only have medicinal capabilities, but
they also have fascinating photophysical properties [23-24].

In light of the broad range of biological applications reported for azo compounds and
benzothiazole, as well as complexes with transition metal ions, we report herein the synthesis of
anovel series of Co(II), Ni(II), Cu(II) and Zn(II) metal complexed produced from a benzothiazole
based azo ligand. All metal-ligand complexes were investigated for their antimicrobial activity.
A molecular docking approach was also used to predict the binding affinity of these compounds
towards three biological targets including the insulin receptor kinase, the voltage-gated potassium
channel KCNQ2, and the sodium-dependent serotonin transporter.

EXPERIMENTAL
Material and methods

All the chemicals, reagents, and metal salts were used in their original form. A Shimadzu A.A-
160A spectrophotometer was used to measure atomic absorption. The *C and 'H-NMR spectra
were recorded in de-DMSO with TMS as a reference using a Brucker-300 MHz Ultra Shield
spectrometer. A Shimadzu UV-160A spectrophotometer was used to record UV-Vis spectra. IR
spectra with KBr were taken at 4000-400 cm™ on a Shimadzu FTIR-8400S Fourier Transform
Infrared spectrophotometer. A LC-MS QP50OA: Shimadzu-E170EV spectrometer was used to
record mass spectra. The conductivity of DMSO (10 mol/L) was measured at 25 °C using a
Philips PW- Digital Conductivity meter. Magnetic properties were measured using a Sherwood
Scientific auto magnetic susceptibility balance at 25 °C.

Preparation of the azo ligand

A mixture of 2-aminobenzothiazole (0.375 g, 1.0 mmol), 2 mL conc. HCI, and 10% NaNO, in
ethanol was diazotized at 5 °C as reported in literature [25]. The resulting solution was gradually
added to an ethanolic solution of 4-nitroaniline (0.307 g, 1.0 mmol) with continuous stirring at
freezing temperature, followed by the addition of 25 mL of 1 M NaOH solution. The result was a
slightly brown-colored product that was filtered off and washed with hexane and diethyl ether
several times to obtain a pure brown-colored compound, which was filtered, cleaned, and then
allowed to dry (Scheme 1).

Preparation of azo ligand-based coordination compounds

The EtOH solution of the azo ligand (0.299 g, 2 mmol) was added drop by drop to the ethanolic
solution of the metal salts in 2:1 molar ratio with stirring. To maintain the required pH, ammonium
acetate (0.771 g, 0.01 M, 1 L doubly deionized water) was added to the above reaction mixture.
The resulting reaction mixture was refluxed for 1 h before cooling until a dark color precipitate
was produced, which was filtered, washed, and dried (Scheme 1).
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Scheme 1. Synthetic route for the azo ligand and its metal complexes.

Determination of the stability constant and Gibbs free energy

The following equations were used to calculate the stability constant (K) for each metal-ligand

complex;
-« A, -4
4a°C? 4,
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where ¢ is the compound's mol/L concentration, and a is the degree of dissociation. As denotes
absorbance in a solution with the same amount of ligand and metal ion, while A, denotes
absorbance in a solution with the same amount of metal but a surplus of ligand. Large (K) values
suggest a high stability for the resulting compounds [26]. The Gibbs free energy (AG) was
calculated using the following equation [27];

AG =—-RTInk

where, R is the gas constant (8.314 J. K 'mol™!) and T is the absolute temperature (in Kelvin).
Antimicrobial activity

In vitro microbial activities were determined from the diameter of clear inhibition zones caused
by the studied compounds against S. aureus, E. coli, C. albicans and C. tropicalis by the disc
diffusion assay. Long-term stability testing of the studied compounds was carried out in
dimethylsulphoxide (DMSO) solution. On microorganisms, the ligand and its complexes were
tested for microbial activity. Bioactivity was evaluated by assessing the growth inhibition zone
and minimum inhibition concentration against test species [28]. The ligand and its complexes
showed promising antibacterial and antifungal activity when tested against mentioned species.

Molecular docking study

The 3D crystal structures of the insulin receptor kinase (PDB ID: 1GAG), voltage-gated
potassium channel KCNQ2 (PDB ID: 7CRO0), and sodium-dependent serotonin transporter (PDB
ID: 516X) were obtained from the Protein Data Bank (http://www.rcsb.org/pdb). Autodock Vina
was used to perform receptor-oriented versatile docking [29] using previously published
molecular docking protocols to predict the binding affinities of the compounds under investigation
[30].

Pharmacokinetics and drug-likeness predictions

The SwissADME and PubChem online software were used to predict the pharmacokinetic, drug-
likeness, solubility, synthetic accessibility, and Lipinski's properties of the investigated
compounds. The Ghose, Egan, Veber, and Muegge drug-likeliness filters were used to improve
the predictions.

RESULTS AND DISCUSSION
Physico-chemical properties of the azo ligand and its metal complexes

The non-electrolytic nature of all the studied compounds was revealed by the molar conductivity
data. The chemical composition of all metal-ligand complexes [ML,] was verified using elemental
and spectral data, where M = Co(II), Ni(II), Cu(Il), Zn(II), and L= azo ligand.

NMR analysis

The 'H-NMR spectrum of the azo ligand showed a range of aromatic protons with signals at 8y
6.67-8.47. The proton signals attributable to 3(NH>) were observed at 6y 6.61. In the synthesized
coordination compounds, however, the latter showed deshielding as a result of coordination to the
zinc ion. The signal at 8¢ 149.9 in the *C-NMR spectrum of the azo ligand was assigned to the
carbon atom attached to the amino group, whereas the signal at 5c 151.5 was attributed to the
-C-N signal. Various signals in the range 3¢ 143.0-120.7 were assigned to the carbon atoms of the
aromatic ring.
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LC-MS analysis

The mass spectrum of the azo ligand (L) revealed a peak at m/z 299.2 corresponding to
Ci3HoNsO,S (Figure 1). The peaks at m/z 206.2, 79.2, and 35, could be attributed most likely to
the loss of nitrogen, aromatic, and sulfur groups. The mass spectrum of the zinc-ligand complex
showed a peak at m/z 661, which corresponds to the formula Cy¢H6N19S204Zn (Figure 2). Other
peaks at m/z 660.5, 625.3, 605, 572, 472, and 407 may be due to the loss of nitrogen, water, or
zinc ions.

Calibration curve and model conditions

To determine the interaction between the studied metal ions and the ligand, the pH, concentration,
and wavelength (Amax) Were optimized. The various absorbance values (Amax) Observed for the
studied compounds at various pH levels are shown in Table 1. The absorbance of the studied
compounds was constant in a buffer solution made from NH4OOCCH; at pH 5-9 (Figure 3).
Several concentrations of mixed aqueous-ethanol ligand and metal ions were measured in the
range of 10°~10 mol/L, with the experimental results proving that prepared complexes obeyed
Beer's rule at concentrations ranging from 1 x 10 mol/L to 3 x 10 mol/L and displayed a strong
intense color. Plotting absorbance towards molar concentration yielded a straight line with a
correlation factor of R > 0.9980 (Figure 4).
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Figure 1. Mass spectrum of the azo ligand (L).
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Figure 2. Mass spectrum of the [Zn(L),] complex.
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Figure 3. Effect of pH variation on the absorbance (Amax) of the [ML,] complexes.
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Figure 4. Linear relationship between molar concentration and absorbance obtained for the [ML;]

Table 1. UV- Vis and analytical data for the synthesized compounds.

complexes.

Compounds | Optimum | Optimum M:L | (Amax) ABS | €max Am et
pH molar conc. | ratio | nm (Lmol'.cm™) | (S.em? | (B.M)
x 10* mol!)
218 2.198 | 2198
Ligand (L) - - - 290 0.785 | 785 - -
410 2.340 | 2340
220 1.738 | 1738
278 0.637 | 637
[Co(L)] 9 2.5 12 | 480 1593 | 1593
732 0.007 | 7 12.63 485
886 0.006 | 6
976 0.037 | 37
[Ni(L)2] 9 25 12122 | osse | 36
672 13791 1379 13.42 291
388 0.005 | 5
978 0.002 | 2
0.033 | 33
291 1.177 | 1177
[Cu(L):] 9 25 12 | 414 2255 | 2255
476 | 1.974 | 1974 17.80 | 1.73
890 0.023 | 23
1218
[Zn(L)] 9 25 12 | 219 1218 1 017
288 06174 440 1150 | Dia
332 0.440 1333 : ’
478 1.333

Metal-to-ligand ratio

The stoichiometry (mole ratio) of the synthesized complexes in solutions was measured at
optimized Amax and pH. Using Job’s method, the metal ion-to-ligand ratio was found to be 1:2 in
all complexes (Figure 5).
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Figure 5. Mole ratio and Job’s method evaluation of the [ML,] complexes.

Physical states

The interaction of the ligand dissolved in ethanol with the metal ions at optimum pH was used to
estimate the solid metal complex at a ratio of (1:2) (metal:ligand). The determined values and the
results of elemental analysis and metal import from compounds were similar. Compounds
dissolved in DMSO (10 mol/L) had non-electrolytic type conductivity [31] (Table 1).

Determination of stability constant and Gibbs free energy

The reaction between the azo ligand (L) and the metal ions under investigation produced a
negative value of (AG) (Table 2).

Table 2. Stability constant and Gibbs free energy of the [ML] complexes.

Compound A Am a k Lin k AG kJ.mol!
[Co(L)2] 0569 | 0.807 | 0295 117.50x10° 18581 46,035
[Ni(L).] 0.931 1.274 0.269 182.75%10° 19.023 -47.130
[Cu(L)2] 1.466 1.762 0.168 832.00x10° 20.539 - 50.886
[Zn(L).] 1135 | 1535 | 0.260 18.50%10° 16.733 41457

UV-Vis analysis

Table 1 shows the UV-Vis spectral data of the prepared compounds recorded in ethanol (107
mol/L). Peaks at 218, 290, and 410 nm in the UV/Vis range of the azo ligand (L) were attributed
to a mild energy (n—n") transition. Peaks at 220, 278, and 480 nm were observed in the Co(II)
compound, which were due to intra ligand (M—L) charge transfer transitions [31]. Peaks at 732,
886, and 976 nm were also allocated to electronic transitions “Ti gy —*Ti1g@)(03), *TigE—*Azg(V2)
and *Tigr)— “Tagr) (V1) were also observed in Ni(IT) complex exhibiting absorption peaks at 291
nm and 478 nm corresponding to intra ligand and (M—L) charge transfer transitions, respectively.
Electronic transition 3Asg— *Tigp) (V3), *Azg — *Tigr) (v2) and Az, — 3Tagr) (Vi) was assigned to
peaks observed at 672, 888, and 978 nm, respectively. Intra ligand and (M—L) charge transfer
transitions gave rise to peaks at 291, 414, and 476 nm in the Cu(II) complex, while a second peak
at 890 nm was attributed to the *E,—?T,, transition [31-32]. The intra ligand (M—L) charge
transfer transitions in the Zn(II) complex exhibited peaks at 219, 288, 332, and 478 nm. Since
there was no d-d transition, the magnetic susceptibility indicated diamagnetic nature; hence, it can
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be inferred from the above findings that the results are in accordance with the octahedral geometry
in all complexes.

FT-IR analysis

The asymmetric and symmetric vibrations due to NH; in the azo ligand appeared at 3484 cm™ and
3414 cm’!, respectively [33, 34]. The vibration of the (C=C) group was represented by bands at
1593 cm™ and 1562 cm™!. In the metal complexes, the band at 1446 cm™ due to v(N=N) shifted to
a lower wave number, suggesting that it is involved in coordination [33, 34]. The stretching
frequency bands for the metal-nitrogen links were observed at 424-486 cm™.

Antimicrobial activity

The disc diffusion assay was used to test the studied compounds for antimicrobial activity against
S. aureus, E. coli, C. albicans, and C. tropicalis. The synthesized compounds showed promising
activity against S. aureus and E. coli. In contrast to the free ligand and other complexes, the zinc-
ligand complex displayed the highest antibacterial activity, with inhibition zones of 17 mm and
19 mm against S. aureus and E. coli. None of the compounds were active against C. albicans and
C. tropicalis (Figure 6).
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14 —— il
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m E. coli
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12 4
Figure 6. The antimicrobial activities of the compounds were measured in terms of inhibition
circle diameter (millimeter) after 24 hours.
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Molecular docking study

The binding energy values obtained ranged from -8.6 to -10.7 kcal/mol. In comparison to the free
ligand, the metal complexes showed the lowest binding energy with the target proteins. They also
showed the highest binding affinity for the voltage-gated potassium channel KCNQ2 (lowest
binding energy = -10.7 kcal/mol). The amino acid residues ASP1083, SER1086, GLN1004,
LEU1002, ASN1097, LEU248, GLY249, PHE100, PHE104, TYR237, PHE240, PHE297 interact
with the investigated compounds. The best docking poses obtained for the studied compounds
with each of the selected protein targets are presented in Figure 7.

The insulin receptor is a tyrosine kinase type of protein important for the regulation of cell
growth and/or differentiation [35]. The voltage-gated potassium channel KCNQ2 has been
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identified as a key target for new drugs to treat epilepsy, pain and other diseases related to neuronal
hyper-excitability [36].

The serotonin transporter is a target for antidepressant and psychostimulant drugs [37].
Altogether, these results indicate that the studied compounds may have applications as new
therapeutic agents, which remains to be explored further.

; Asn1097
Leu1002 S Phe240

Phe297

Figure 7. The best docking poses of the compounds studied with the three biological protein
targets.

Pharmacokinetics and drug-likeness predictions

The pharmacokinetics, drug-likeness, solubility, and Lipinski's properties of the investigated
compounds are presented in Figure 8 and Supplementary Information Table S4-S9. In-silico
pharmacokinetic analysis [38] is a useful tool to discover and design small molecules for a given
target. The ligand is LoF, with a molecular weight < 500 g/mol, a number of hydrogen bond
donors and acceptors < 5, a logP value < 5, and a molar refractivity < 140 [39, 40]. The ligand
TPSA was 141.53 A? indicating a potential for good absorption. The presence of < 5 rotatable
bonds indicated that these compounds are more adaptable. The ligand was found to be water-
soluble. The compounds' synthetic accessibility value was 7, indicating synthesis feasibility. None
of the metal complexes followed the rules established for oral drug-likeness.
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Figure 8. Pharmacokinetic properties of the compounds studied.

CONCLUSION

A series of benzothiazole-based azo ligand and its metal complexes were investigated. All the
studied coordination compounds were shown to have metal ions in an octahedral environment.
The isolated compounds showed significant antibacterial activity when tested against S. aureus
and E. coli. However, zinc complex showed promising results. In addition, the metal-ligand
complexes showed a high predictive binding affinity for the voltage-gated potassium channel
KCNQ2 protein. Further studies are required to investigate the pharmaceutical potential of these

compounds.
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